Anthrax is primarily a disease of herbivorous animals caused by Bacillus anthracis, a gram-positive, nonmotile, spore-forming rod (18) . In humans, three types of anthrax have been recorded according to the route of infection: cutaneous, gastrointestinal, and respiratory (13) . Respiratory anthrax is a rare disease usually associated with either industrial exposure to spores (2) or bioterrorism (24) . This form of the disease is difficult to diagnose and virtually always fatal, even with vigorous antibacterial therapy (3, 24) . In animal models following pulmonary deposition, the spores are phagocytized by alveolar macrophages and transferred through the lymphatic channels to the tracheobronchial lymph nodes (after 4 h), where the spores germinate and grow as vegetative cells (18 h ). These cells then enter the bloodstream, causing systemic disease (35) . Within the alveolar macrophages, the germinating spores synthesize an antiphagocytic capsule and secrete lethal and edema toxins (36) . In humans the disease begins with nonspecific symptoms that resemble cough-like diseases, which last 2 to 3 days, and then suddenly change to severe respiratory distress. Death occurs within 24 to 36 h from respiratory failure, sepsis, and shock. The severity of inhalation anthrax was described in detail following an accidental burst of B. anthracis spores over Sverdlovsk, Russia, in 1979, which caused fatal disease in at least 66 exposed individuals (17, 30) . In October and November 2001, a bioterrorism-related attack launched by spreading highly sophisticated powdered B. anthracis spores through the U.S. mail caused infection in 22 people; 11 cases were diagnosed as inhalational anthrax and 11 (7 confirmed and 4 suspected) were diagnosed as cutaneous anthrax (5, 11) . Patients were treated with multidrug antibiotics and supportive care (7, 8, 10, 24, 33) . Six patients who received the antibiotic treatment at the initial phase of illness survived. Patients treated at the severe phase of the illness died.
Given the rapid course of respiratory anthrax, early antibiotic administration is of crucial importance. Delaying treatment of infected patients, even by hours, may substantially reduce the chances for survival (1, 28) . In 1944, Murphy et al. (31) reported the first successful use of penicillin in treating anthrax in humans. Since that time penicillin has been considered the first choice for antibiotic treatment of anthrax, although occasional reports have described the isolation of penicillin-resistant strains (4, 14, 27a) . The World Health ORganization-recommended treatment for severe forms of anthrax is penicillin G as an initial treatment followed by procaine penicillin either alone or synergically with streptomycin. In the event of allergy to penicillin, effective alternatives include tetracycline, erythromycin, gentamicin, and chloramphenicol (37) . Currently, the recommended antibiotics for postexposure prophylaxis are ciprofloxacin, doxycycline, and procaine penicillin G (9, 21) .
Prophylactic experiments for treatment of respiratory anthrax have been conducted in monkeys (15, 16, 20, 28) guinea pigs (25, 38) , mice (26, 28a) , and sheep (16) . Treatment of infected rhesus monkeys with penicillin for 20 or 30 days protected the animals, but upon cessation of treatment only approximately 70% of the animals survived (15, 20) . Treatment with doxycyline and ciprofloxacin for 30 days provided protection during treatment, and after termination of antibiotic injections approximately 90% of the animals survived (15) . The surviving animals did not develop protective immune responses, and following rechallenge, 85 to 100% of the animals developed fatal disease. Full protection was achieved by combination of treatment with penicillin or doxycycline together with active immunization with protective antigen (PA)-based vaccines, which include components of the lethal and edema toxins (15, 20) . Lincoln et al. (28) described a successful treatment that protected 84% of septicemic monkeys by administration of antibiotics together with anti-Sterne antisera and the PA-based vaccine. Successful treatment of sheep that were infected via inhalation with Vollum spores was achieved by 5 days of injections of penicillin or tetracycline with and without coadministration of the PA-based vaccine. Experiments with infected guinea pigs were performed with penicillin (38) and doxycycline and ciprofloxacin (25) . In the latter experiment, the antibiotic treatment was begun 2 days prior to infection. During treatment the infected animals survived. However, after cessation of treatment, 14% of the penicillin-treated animals survived, compared to 92.5 and 90% of the animals treated with doxycycline and ciprofloxacin, respectively. Similar experiments with mice indicated that penicillin and streptomycin could provide either partial (28a) or full (26) protection. Chloramphenicol failed to protect the animals (28a). Another prophylactic approach to anthrax that was tested in guinea pigs was passive protection using anti-PA antibodies (27, 29 In this work, we tested the efficacy of recommended antibiotics and antibiotics not tested previously as postexposure prophylactic agents against anthrax. The effectiveness of ciprofloxacin, tetracycline, erythromycin, cefazolin, and trimethoprim-sulfamethoxazole were tested. The effectiveness of ciprofloxacin and tetracycline for postexposure prophylaxis was demonstrated in a rhesus monkey model of experimental inhalation anthrax. The effectiveness of erythromycin has not been tested in an experimental model even though it is recommended as an antibiotic for treatment, particularly in children and pregnant women that are sensitive to other antibiotics. An antibiotic sensitivity test indicated that B. anthracis strains are sensitive to cefazolin (narrow-spectrum of cephalosporins); because this antibiotic is widely distributed in hospitals and can be administrated via intramuscular injections, it was included in this study. Another antibiotic that is commonly used in hospitals is trimethoprim-sulfamethoxazole, which is well absorbed following oral administration. In vitro assays indicated that B. anthracis strains have intermediate resistance to this antibiotic; however this antibiotic was included in this study to test its in vivo effect against anthrax.
We chose the guinea pig as a model animal because these animals are highly sensitive to infection with B. anthracis spores, the disease is well characterized, and protection could be provided by different vaccine preparations. In contrast to the human disease, which is characterized as a two-phase disease, anthrax in guinea pigs develops rapidly and death occurs within 2 to 4 days postinfection. There are no physically specific symptoms that might indicate that the animals are ill, except that shortly before death the animals start breathing with difficulty. Guinea pigs are sensitive to certain antibiotics, such as penicillin, a fact which may narrow the feasibility of testing a wide range of antibiotics. However, working with small animals has the advantage of allowing simultaneous comparison of the effectiveness of various anti-B. anthracis agents.
In this study the animals were infected through the respiratory system by intranasal instillation of spores from two different virulent strains, and treatment was begun 24 h postinfection. We analyzed the effectiveness of protection provided by the antibiotics included in this study. To study the influence of the duration of antibiotic administration, we analyzed the persistence of spores in the lungs either by monitoring survival after cessation of antibiotic therapy or by counting the number of bacteria in the lungs. We monitored the immunity status of the surviving animals either by determination of antibody titers to various bacterial components or by their resistance to rechallenge by a lethal dose of spores. We also tested the added value of a PA-based vaccine in providing reliable long-term protection.
MATERIALS AND METHODS

B. anthracis strains. The virulent ATCC 14578 (Vollum) (a Tox
ϩ Cap ϩ ) and ATCC 6605 (a Tox ϩ Cap ϩ ) strains were used in this study. The 50% lethal doses (LD 50 s) by the intranasal route for both strains in guinea pigs are 4 ϫ 10 4 and 8 ϫ 10 4 , respectively (calculated according to the method of Reed and Muench [33a] ). The LD 50 of the Vollum strain in guinea pigs by intramuscular administration is 50 spores (12, 34) . The ATCC 14185 strain (Tox ϩ Cap Ϫ ) was used for purification of PA for vaccine preparations (34) .
Antibiotics. The following antibiotics were used in this study: ciprofloxacin (a gift from Bayer), tetracycline hydrochloride (Sigma catalog no. T-3383), erythromycin lactobionate (Abbott Laboratories), cefazolin (Totacef) (Bristol catalog no. 7339-21) or cefamezin (cefazolin; Teva), and Septrin, trimethoprim-sulfamethoxazole, and co-trimoxazole (Wellcome). For disk sensitivity tests, the following disks were used: CIP5 (Oxoid) for ciprofloxacin; TE30 (BBL) for tetracycline; E15 (Oxoid) for erythromycin; CZ30 (Difco) for cefazolin; and SXT (BBL) for trimethoprim-sulfamethoxazole. For determination of the MIC by the E-test (a predefined gradient that is used to determine the MIC of individual antimicrobial agents for a microorganism), the following strips (all from AB Biodisk, Solna, Sweden) were used: CI for ciprofloxacin, EM for erythromycin, CE for cephalothin, TS for trimethoprim-sulfamethoxazole, and DC for doxycycline.
PA-based vaccine. Purified PA isolated from strain ATCC 14185 was absorbed to Alhydrogel (Superfos Biosector) as previously described (34) . Vaccination was done by subcutaneous injection of 0.5 ml of vaccine, by two injections at 2-week intervals. This quantity of PA vaccine is equivalent to the amount used to evaluate the efficiency of PA-based vaccines in guinea pigs with either MDPH-PA (the anthrax vaccine licensed for human use in the United States) (22, 23) or our vaccine (34) .
Sporulation. A bacterial culture (cultured for 16 h) in Bacto Tryptose broth was diluted into sporulation medium G (19) in an Erlenmeyer flask (well aerated) that was shaken (250 rpm) at 34°C for 48 h. Spores were centrifuged at 8,000 ϫ g for 30 min, washed several times with cold distilled water, and stored frozen at Ϫ20°C. Heat-shocked spores (70°C for 20 min) were used for inoculation of the guinea pigs.
Animal studies. Female Hartley guinea pigs (250 to 300 g) obtained from Charles River Laboratories (Motgate, Kent, United Kingdom) were used. Guinea pigs were anesthetized by subcutaneous injection of a mixture of ketamine HCl (40 mg/kg of body weight) and xylazine (5 mg/kg). The animals were then inoculated intranasally by unilateral instillation of Vollum or ATCC 6605 spores (100 l). At 24 h postinfection, six groups of eight animals per group infected with Vollum spores and six groups of nine animals each infected with ATCC 6605 spores were injected subcutaneously three times per day with one of five antibiotics for 14 days. One untreated group from each infection served as the control for monitoring the development of fatal anthrax disease. The following antibiotics and doses were used: ciprofloxacin, 7.5 to 20 mg/kg per injection; tetracycline hydrochloride, 20 mg/kg per injection; erythromycin lactobionate, 40 mg/kg; cefazolin, 50 mg/kg per injection; and Septrin (trimethoprim-sulfamethoxazole; co-trimoxazole), 16 mg of trimethoprim/ml and 80 mg of sulfamethoxazole/ml, given as 7 mg of trimethoprim/kg per injection. In longer antibiotic treatment experiments (for 30 days), five groups with nine animals in each group were infected with Vollum spores and treated with tetracycline or ciprofloxacin and with the same antibiotic combined with active immunization with a PA-based vaccine on days 8 and 22 postinfection. The fifth untreated group served as a control group. In all the experiments, the animals were observed for survivors for at least 30 days after termination of treatment. To evaluate the anti-PA antibody titers provided by the combined treatment with antibiotics and vaccination, an additional two groups each of nine naive animals were immunized with PA vaccine while being treated for 30 days with either tetracycline or ciprofloxacin. To evaluate the acquired immunity that the surviving animals had developed, the animals were tested for resistance to rechallenge by intramuscular injection with 1.5 ϫ 10 3 (30 times the LD 50 ) of Vollum spores. This spore dose was used for the evaluation of the effectiveness of anti-B. anthracis vaccine preparations in guinea pigs (12, 22, 34) . For determination of the number of bacteria in various organs, animals were sacrificed. Blood samples were drawn from the hearts, the isolated spleens were minced in saline, and the lungs were cut into small fragments and homogenized in an Omni mixer homogenizer. Serial dilutions of each sample were plated on tryptose agar plates (Difco). For determination of residual spores in the lungs, the samples were plated before and after incubation at 70°C for 20 min. Each animal that died during the experiments was tested for the presence of B. anthracis bacteria in the blood, spleen, kidney, and liver, and tissue sections taken from all organs, including the brain, were examined by histopathological staining. These tests enabled us to distinguish death from anthrax and nonanthrax death. In all experiments, the animals were cared for according to the National Institutes of Health guidelines for the care and use of laboratory animals (32) . The Israel Institute for Biological Research animal use committee approved all experimental protocols.
Antibiotic sensitivity tests. Antibiotic sensitivity tests were performed according to National Committee for Clinical Laboratory Standards protocols, using Mueller-Hinton II broth and agar plates (Becton Dickinson, Sparks, Md.). For determination of the MIC by broth macrodilution tests, antibiotics were diluted twofold into 2 ml of Mueller-Hinton II broth, and 0.02 ml of a bacterial culture at the logarithmic phase of growth with turbidity equivalent to 0.5 McFarland was plated and incubated for 20 to 24 h at 37°C. E-tests were performed by spreading bacterial cultures of an optical density at 540 nm of 1.0 by using impregnated swabs on Mueller-Hinton II plates, on which E-test strips were layered. For determination of the antibiotic concentration in the serum, animals were injected seven times (for 2 days plus the first injection on the third day) with each antibiotic at 8-h intervals; and thereafter, serum samples were collected from three animals at each time point up to 24 h after the last injection. The serum inhibition concentration (SIC) for each antibiotic was determined essentially as broth MIC tests by plating the bacterial strains into 2 ml of twofolddiluted serum in Mueller-Hinton II broth. The highest serum dilution that inhibited the growth of both B. anthracis strains was recorded.
ELISA. For the enzyme-linked immunosorbent assay (ELISA), purified PA was diluted to 1 g/ml with 0.05 M carbonate buffer (pH 9.6), and 0.1 ml/well was added to 96-well microtiter plates. For antispore and anti-vegetative cell antibodies, approximately 10 6 formalin-killed spores or bacterial cells were plated into each well in carbonate buffer (pH 9.6). The plates were incubated overnight at 4°C, washed with phosphate-buffered saline-0.05% Tween 20 (PT), incubated with 0.2 ml of PT-2% bovine serum albumin per well for 60 min at 37°C, and washed again with PT. Serial dilutions of the tested sera (0.1 ml/well) were added, and the plates were incubated for 60 min at 37°C. The plates were washed with PT and incubated with 0.1 ml of alkaline phosphatase conjugated to rabbit anti-guinea pig antibodies (Sigma)/well for 30 min at 37°C. The plates were washed with PT incubated with 0.1 ml of alkaline phosphatase substrate/well for 60 min at 37°C according to the manufacturer's instructions. Plates were read on a micro-ELISA reader at a wavelength of 405 nm. Readings higher than three times that of the controls were scored as positive reactions.
Statistical analyses. Fisher's exact test was performed to compare results between treatment groups, and statistical significance was established at a P value of Ͻ0.05.
RESULTS
Infectivity of intranasally administered B. anthracis spores to guinea pigs. The virulence of B. anthracis Vollum and ATCC 6605 strains via intranasal instillation in guinea pigs is described in Table 1 ). Results indicated that the LD 50 s of the Vollum and ATCC 6605 strains are 4 ϫ 10 4 and 8 ϫ 10 4 , respectively.
The rate of bacterial infiltration from the lungs to the spleen and bloodstream was examined by sacrificing animals at various times postinfection and determining the numbers of B. anthracis CFU in the spleen and blood. The results indicated that at 24 h postinfection no B. anthracis bacteria were detected in either the spleen or the blood. Bacteremia could be detected beginning at about 36 h postinfection, and bacteria were detected in the spleen and/or the blood in two of three animals tested. At 48 h all three animals tested were bacteremic (Table 2 ). Statistical analysis of the results indicated that the P value was 0.14, suggesting that the results are not statistically different. Since bacteremia was not detected at 24 h postinfection, antibiotic treatment was begun at 24 h postinfection, at the prebacteremic stage. 
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Determination of the MIC and SIC. The sensitivities of B. anthracis strains to ciprofloxacin, tetracycline, erythromycin, cefazolin, and trimethoprim-sulfamethoxazole were tested by disk sensitivity tests and by determination of the MIC of each antibiotic by either broth sensitivity test or E-test (Table 3 ). The results indicated that both strains exhibited similar sensitivities to the antibiotics. Pharmacokinetic studies of the administered antibiotics revealed that the peak concentration in serum was achieved at 60 min postinjection. Administration of ciprofloxacin (10 mg/kg), tetracycline, erythromycin, and cefazolin resulted in SICs of 40, 80, 20, and 320 times the MICs, respectively, for both B. anthracis strains. SICs were detected up to 4 h for ciprofloxacin, 5 h for tetracycline, 3 h for cefazolin, and 2 h for erythromycin. By disk sensitivity tests with trimethoprim-sulfamethoxazole, the results suggest intermediate resistance. However, E-tests indicated a MIC of 32 g/ml; no SICs were detected in the sera of guinea pigs.
The response of naive guinea pigs to treatment with antibiotics. In order to test the effect of the antibiotic dose on uninfected animals, guinea pigs (five per group) were injected with antibiotics at the doses indicated in Materials and Methods three times per day for a period of 14 days. Animals were observed for changes in body weight and other symptoms. Following injection of saline as a control, a body weight gain of 16% Ϯ 2% was observed. Injection of tetracycline, cefazolin, and trimethoprim-sulfamethoxazole resulted in body weight changes of 10% Ϯ 3%, 14% Ϯ 5%, and 16% Ϯ 2%, respectively. Injection of erythromycin resulted in a body weight change of only 3%, and injection of ciprofloxacin (20 mg/kg) caused the death of one animal during antibiotic administration and resulted in a body weight change of Ϫ5% Ϯ 2%. The following symptoms were observed following antibiotic injections: tetracycline caused necrotic wounds in the skin, and ciprofloxacin and erythromycin caused hair loss and stiffness of the skin, which indicated loss of fluids. Animals injected with cefazolin and trimethoprim-sulfamethoxazole displayed no abnormal effects. Following cessation of antibiotic administration, all animals treated except the ciprofloxacin-treated group gained 31 to 42% of body weight in 14 days, while the ciprofloxacin-treated animals gained only 4% of their body weight.
Effectiveness of post-B. anthracis exposure prophylaxis with 14 days of treatment with various antibiotics in guinea pigs. Guinea pigs were infected intranasally with either 75 times the LD 50 of strain Vollum or 87 times the LD 50 of strain ATCC 6605. At 24 h postinfection, the animals were treated with the following antibiotics: ciprofloxacin, tetracycline, erythromycin, cefazolin, and trimethoprim-sulfamethoxazole three times a day for a period of 14 days. Survival rates of the animals during the antibiotic treatment and 2 weeks thereafter are presented in Fig. 1 . The control (untreated) guinea pigs infected with one of the two B. anthracis strains died, with a mean time to death (MTTD) of 2.8 days. Treatment with tetracycline, ciprofloxacin, and erythromycin prevented death of infected animals during treatment. Upon termination of antibiotic administration, none of the erythromycin-treated animals survived, (MTTD of 6.0 and 3.8 days after cessation of treatment of the Vollum-and ATCC 6605 strain-infected animals, respectively). Following the tetracycline treatment, only two of eight (25%)Vollum-infected animals and one of nine (11%) ATCC 6605 strain-infected animals survived (MTTD of 6.6 and 6.8 days after cessation of treatment of animals, respectively). Animals that were treated with 20 mg of ciprofloxacin/kg (Fig. 1B) were sensitive to the antibiotic, and three of eight animals died from non-anthrax-related causes. Bacteria were not cultivated from the different tissues, except the lungs, and were not detected by histopathological examination. The remaining five animals were protected and survived upon cessation of antibiotic administration. Treatment with ciprofloxacin at 10 mg/kg (Fig. 1G) prevented the deaths of the animals during antibiotic treatment; however, once treatment was discontinued, four of nine animals died on day 4, resulting in 55% survival. Treatment with cefazolin and with trimethoprim-sulfamethoxazole The surviving animals infected with ATCC 6605 spores and treated with various antibiotics were tested for the development of specific antibodies against B. anthracis. Antibodies against PA could be detected beginning on day 45 postinfection. Three animals from the ciprofloxacin-treated group developed anti-PA antibodies, with titers of 200, 400, and 400; antispore antibodies, with titers of 200, 200, and 400; and anticapsule antibodies, with titers of 50, 100, and 100. Two survivors from the tetracycline-and cefazolin-treated groups developed an anti-PA titer of 400; antispore titers of 100 and 200, respectively; and an anticapsule titer of 50. No antivegetative antibodies were detected (titer of Ͻ50).
To examine residual deposition of spores in the lungs, the survivors from infection with strain ATCC 6605 that were treated with various antibiotics were sacrificed on days 45 to 56 postinfection. Two animals from the ciprofloxacin-treated group contained 4.1 ϫ 10 3 and 3.8 ϫ 10 4 spores in the lungs, respectively; survivors from cefazolin-treated animals contained 2.4 ϫ 10 2 and 1.2 ϫ 10 4 spores, respectively; and a survivor from the tetracycline-treated group contained 1.2 ϫ 10 2 spores in its lungs. These results indicate that antibiotic administration did not eliminate all the spores from the lungs.
To test whether the survivors had acquired protective immunity that could prevent reestablishment of a fatal disease, survivors of the Vollum-infected animals (five animals from the ciprofloxacin-treated group, two from the tetracyclinetreated group, and five from the trimethoprim-sulfamethoxazole-treated group) were rechallenged on day 30 after cessation of antibiotic administration by an intramuscular injection of 30 times the LD 50 of strain Vollum. None of the animals survived, and the animals died with a MTTD of 2.6 days, similar to that of the four infected naive animals.
Effectiveness of postexposure prophylaxis with 30 days of treatment with ciprofloxacin or tetracycline in Vollum-infected guinea pigs. Since 14 days of antibiotic treatment resulted finally in the death of most infected animals, we tested whether prolongation of administration of tetracycline or ciprofloxacin could eradicate the spores from the lungs of infected animals with enhanced effectiveness, so that upon cessation of antibiotic treatment reestablishment of a fatal disease would be prevented. We extended the antibiotic treatment of Volluminfected animals with 46 times the LD 50 to 30 days. The results are presented in Fig. 2A and C for tetracycline and ciprofloxacin, respectively.
Treatment with tetracycline ( Fig. 2A) protected all nine animals. However, upon termination of antibiotic administration, only five (55%) of the animals survived, compared to 25% (two of eight) following 14 days of treatment. None of the survivors developed protective immunity against intramuscular rechallenge with 30 times the LD 50 of strain Vollum.
Ciprofloxacin (Fig. 2C ) was injected at a dose of 15 mg/kg for 10 days followed by 7.5 mg/kg for additional 20 days. A dose of 20 mg of ciprofloxacin/kg was found to be toxic to guinea pigs. However, upon termination of treatment the animals survived. A dose of 10 mg of ciprofloxacin/kg was well tolerated by the guinea pigs, but after termination of antibiotic, four of nine animals died from anthrax. To try to improve the effectiveness of the antibiotic treatment so that after discontinuation of the antibiotic administration all the infected animals would survive, we chose to treat the animals with a dose of 15 mg of ciprofloxacin/kg. However, on day 10 after the initiation of treatment, a control (uninfected) animal that was treated with the same dose of antibiotic died. For that reason we continued to treat the animals with a dose of 7.5 mg of ciprofloxacin/kg. Treatment of Vollum-infected animals with ciprofloxacin ( Fig. 2C) protected eight (89%) of nine animals. One animal died from anthrax on day 25 after initiation of treatment. Upon cessation of treatment, four (50%) of the eight remaining animals developed fatal anthrax disease.
The remaining four animals were rechallenged by intramuscular injection of 30 times the LD 50 of strain Vollum, and all four animals survived, indicating that the animals had developed protective immunity.
Sera were not collected in these experiments for determination of antibody titers, in order to avoid a potential spreading of the retained spores from the guinea pig lungs to the heart or other tissues.
Statistical analysis comparing the effectiveness of 30 days of treatment with ciprofloxacin or tetracycline resulted in a P value of 1.0, which indicated that the effectiveness of protection provided by both antibiotics is similar. Similarly, no difference was detected in the effectiveness of the treatment with both antibiotics after 60 days postinfection (P ϭ 1.0). However, the statistical analysis that compared the number of survivors on day 80 postinfection and after the rechallenge test indicated that the P was Ͻ0.05, emphasizing that there is a significant difference in the protection provided by both antibiotics. The results ( Fig. 2A and C) show that while treatment with cipro-floxacin provided protective immunity to four (44.4%) of the nine infected animals, treatment with tetracycline did not.
Effectiveness of postexposure prophylaxis with 30 days of treatment with tetracycline or ciprofloxacin combined with active immunization with PA-based vaccine in Vollum-infected guinea pigs. Another approach to increase the number of survivors at the post-antibiotic treatment periods was to actively immunize the infected animals with a PA-based vaccine along with treatment with antibiotics, so that upon cessation of antibiotic administration the acquired anti-PA antibodies will provide protection against disease reestablishment. In these experiments (Fig. 2B and D) , the Vollum-infected animals (46 times the LD 50 ) were treated with tetracycline or ciprofloxacin for 30 days, during which the animals were immunized by two injections of PA-based vaccine on days 8 and 22 postinfection.
Cotreatment with tetracycline and PA vaccine ( Cotreatment with ciprofloxacin and PA-based vaccine protected eight of nine animals (one animal died from a cause other than anthrax) during the 30 days of antibiotic administration, after which seven (87.5%) of eight animals survived and six (85.7%) of seven animals resisted intramuscular challenge with 30 times the LD 50 of strain Vollum. Comparison of the effectiveness of protection that was provided by the cotreatment with ciprofloxacin plus a PA-based vaccine to that of ciprofloxacin alone indicates that the number of survivors on day 30 postinfection is 100% (eight of eight) versus 88.8% (eight of nine), on day 60 postinfection is 87.5% (seven of eight) versus 44.4% (four of nine), and on day 81, after the rechallenge test, is 75% (six of eight) versus 44.4% (four of nine).
Statistical analysis indicates that there is no significant difference between the combined treatment with either antibiotic (P ϭ 1.0 for 60 days postinfection and P ϭ 0.47 following rechallenge tests). These findings enable the comparison of the number of survivors for the cotreatment methods and that of antibiotics alone. On day 60 postinfection the number of survivors with the cotreatments versus antibiotic alone was 15 of 16 (93.7%) versus 9 of 18 (50%) animals, respectively, and on day 81 postinfection and after the rechallenge was 14 of 16 (87.5%) versus 4 of 18 (22.2%), respectively. These results strongly indicate the importance of immunization with a PAbased vaccine during the antibiotic treatment to ensure high survival rates after cessation of treatment.
The immunity status of animals that were vaccinated during antibiotic treatment was tested on control animal groups. Uninfected animals (nine animals in each group) were injected with tetracycline or ciprofloxacin for 30 days during which the animals were immunized with PA vaccine on days 8 and 22 after the initiation of antibiotic administrations. One animal from the ciprofloxacin treated group died during the antibiotic administration. Serum samples were collected 5 days after the second vaccination, and ELISAs indicated anti-PA antibody titers with a geometric mean titer of 22,807 Ϯ 5,225 for animals injected with tetracycline and 16,127 Ϯ 8,506 for ciprofloxacintreated animals. Thirty-five days after the second immunization, the animals were challenged by intramuscular injection of 30 times the LD 50 of strain Vollum. Among the PA-vaccinated tetracycline-treated animals, seven of nine (78%) survived, and among the PA-vaccinated ciprofloxacin-treated animals, eight of eight animals (100%) survived.
Statistical analysis that compared the effectiveness of protection provided by the cotreatment of uninfected animals with both antibiotics and PA-based vaccine resulted in a P value of 0.47, which indicated that both treatments are effective and provide similar immunity.
These results indicated that an effective protection as postexposure prophylaxis treatment against respiratory anthrax could be achieved by a combined treatment of tetracycline or ciprofloxacin together with active immunization with PA-based vaccines.
DISCUSSION
Respiratory anthrax is a severe disease, almost always fatal. We tested the effectiveness of different antibiotics as postexposure prophylaxis of guinea pigs infected intranasally with two different virulent B. anthracis strains, Vollum and ATCC 6605. We tested the effectiveness of treatment against two different strains to compare treatment efficiencies. Previously described postexposure prophylaxis experiments were performed with rhesus monkeys infected with Vollum spores (15, 20) . Antibiotic prophylaxis in guinea pigs was tested in animals that were infected with either the Vollum or Ames strain (25) . No major difference in the efficiency of the antibiotics to protect against a certain strain was observed in that work.
In this study, groups of animals (eight and nine animals per group) were intranasally infected with (2.3 to 3) ϫ10 6 (46 to 75 times the LD 50 ) Vollum spores and 7 ϫ 10 6 (87 times the LD 50 ) ATCC 6605 spores, in order to cause a fatal disease in all the animals. Lower spore doses did not result in death (Table 1) . Antibiotic treatment was begun 24 h postinfection, in order to anticipate the bacteremia shown previously to begin beyond 24 h postinfection ( Table 2) . We followed the works of Henderson et al. (20) and Friedlander et al. (15) , who started the antibiotic treatment postexposure, while Jones et al. (25) tested the efficacy of antibiotic treatment commencing 2 days prior to infection. Infected animals were treated with ciprofloxacin, tetracycline, erythromycin, cefazolin, and trimethoprim-sulfamethoxazole. The Federal Drug Administration has approved ciprofloxacin and tetracycline for treatment of anthrax disease (9, 21) , and erythromycin was recommended by the World Health Organization as an alternative antibiotic (37) . Previous experiments tested the effectiveness of postexposure treatment with ciprofloxacin and doxycycline (belongs to tetracycline antibiotics) (15, 25) . Erythromycin has not been tested previously as a prophylactic antibiotic in experimental anthrax. Cefazolin and trimethoprim-sulfamethoxazole are commonly used in hospitals, and there was no information concerning their effectiveness in treating anthrax.
Our results indicated that treatment of B. anthracis-infected guinea pigs with either cefazolin or trimethoprim-sulfamethoxazole did not confer full protection, and the animals died during antibiotic administrations. Following cessation of cefazolin injections, only 3 of 17 (17.6%) animals infected with both B. anthracis strains survived. After the injections of trimethoprim-sulfamethoxazole were stopped, 5 of 17 (29.4%) infected animals survived. These results may indicate that cefazolin and trimethoprim-sulfamethoxazole should not be considered for treatment of anthrax.
Antimicrobial susceptibility tests of B. anthracis isolates from the bioterrorism attack in the United States in September through November 2001 indicated that the strains are sensitive to ciprofloxacin, tetracycline, doxycycline, penicillin, amoxicillin, clarithromycin, clindamycin, vancomycin, and chloramphenicol; intermediately susceptible to erythromycin and azithromycin; and intermediately susceptible or resistant to ceftriaxone, which indicates the presence of cephalosporinase in the isolates. Based on these results, the Centers for Disease Control and Prevention do not recommend the use of cephalosporins for postexposure prophylaxis or treatment of B. anthracis infection (6) . We used agar disk diffusion tests for determination of susceptibility of Vollum and ATCC 6605 strains to cephalosporins and found that both strains were sensitive to cephalothin (narrow-spectrum cephalosporins) and cefoxitin (expanded spectrum) but were resistant to cefuroxime (expanded spectrum) and cefotaxime, ceftriaxone, and ceftazidime (broad spectrum). Our results support the Centers for Disease Control and Prevention recommendation and prove that in spite of the fact that in vitro studies indicated susceptibility of both B. anthracis strains to cefazolin (narrowspectrum cephalosporins), in vivo studies indicated failure to protect B. anthracis-infected animals.
Successful treatment of the infected guinea pigs was obtained with ciprofloxacin, tetracycline, and erythromycin, which prevented the development of fatal anthrax disease in the infected animals, during administration of antibiotics. However, when administration of these antibiotics was suspended, the spores that were retained in the lungs germinated, proliferated, and led to the death of the treated animals. We have shown that at 45 to 56 days postinfection, surviving animals still carry about 0.0017 to 0.58% of the initial infectious spore dose in their lungs. Henderson et al. (20) demonstrated that at 42 days postinfection, rhesus monkeys that were treated with penicillin and survived contained in their lungs 15 to 20% of the initially retained spores. Jones et al. (25) showed that most of the infected guinea pigs that were treated with ciprofloxacin and doxycyline retained spores in their lungs 17 and 25 days after cessation of treatment, respectively. This result emphasizes the ineffectiveness of the antibiotic administration to eradicate residual spores from the animal's lungs. This fact was demonstrated in particular in animals that were treated with erythromycin. After cessation of erythromycin administrations, none of the animals survived, and the animals died with a MTTD of 3.8 and 6.0 days after cessation of treatment in Vollum-and ATCC 6605-infected animals, respectively. Since the control infected animals that were not treated with antibiotics died within 2 to 3 days, it is obvious that erythromycin failed to eradicate a significant number of spores from the lungs. Similar results were obtained with tetracycline that protected only 3 of 17 (17.6%) animals infected with both bacterial strains. Following termination of injections the animals died, with a MTTD of 6.6 and 6.8 days. These results indicate that 14 days of injection of either erythromycin or tetracycline are inefficient to cause a significant reduction in the number of retained spores in the infected lungs, and the animals died from reestablishment of fatal anthrax disease.
Treatment of the infected guinea pigs for 14 days with ciprofloxacin at a high dose of 20 mg/kg was toxic to three of eight animals; however, the remaining five animals survived for at least 14 additional days but did not developed a protective immune response. Treatment with 10 mg of ciprofloxacin/kg was not toxic; all animals were protected during treatment, but upon cessation of treatment only five of nine (55%) animals survived. Ciprofloxacin is a bactericidal antibiotic that penetrates cells and can inhibit the growth of germinating spores in macrophages. Treatment with 20 versus 10 mg of ciprofloxacin/kg may result in higher drug concentrations within cells and macrophages, which could eliminate the bacteria more efficiently from various organs (including the brain) and thus provide better protection. In these experiments, treatment with ciprofloxacin was the most effective in protecting the infected animals, resulting in survival of 10 of 14 (71.4%) infected animals.
Animals that survived 30 to 56 days postinfection developed a weak immune response to PA (ELISA titer in the range of 200 to 400), antispores (ELISA titer in the range of 100 to 400), and anti-bacterial capsule (ELISA titer in the range of 50 to 100). However, this immune response did not provide protection against Vollum spore challenge. Jones et al. (25) could not detect anti-PA antibodies in the surviving animals that were treated with either ciprofloxacin or doxycycline on days 38 and 46 postinfection. In addition, Friedlander et al. (15) did not detect anti-PA antibodies in the surviving rhesus monkeys that were treated with penicillin, ciprofloxacin, or doxycycline even on days 131 to 142 after exposure, and the animals did not develop significant protective immunity against rechallenge. It is possible that in our case, due to the route of infection (intranasal spore instillation) and the high infective dose (87 times the LD 50 ), we could detect antibodies, albeit in very low titers, to different bacterial components.
To further characterize the efficacy of antibiotic treatment, we chose to prolong the treatment with tetracycline and ciprofloxacin for 30 days. Increasing the duration of tetracycline treatment to 30 days resulted in a moderately higher survival rate, 5 of 9 (55.5%) versus 3 of 17 (17.6%), after cessation of antibiotic administration. Treatment with ciprofloxacin (15 mg/kg for 10 days, followed by 7.5 mg/kg for an additional 20 days) resulted in survivors in only four of eight (50%) infected animals. Interestingly, the survivors in the ciprofloxacintreated group developed protective immunity against spore challenge, whereas the survivors in the tetracycline treatment group did not. In contrast to ciprofloxacin, tetracycline is a bacteriostatic drug that affects only multiplying microorganisms. In this experiment the infected animals were initially treated with a high dose of ciprofloxacin, 15 mg/kg, which eliminates a high percentage of the spore dose, followed by 20 days of treatment with only 7.5 mg/kg. It is possible that the lower antibiotic dose enables some spores to germinate, grow as vegetative cells, and secrete the lethal and edema toxins, thus inducing the development of a protective immunity. In contrast, tetracycline treatment inhibited the growth of the germinated spores; no protective antibodies were developed so that the surviving animals could not resist challenge. We did not collect sera from the infected guinea pigs to examine their antibody responses because we did not want to contaminate the animals' tissues with the spores retained in the lungs. Theoretically, anthrax can be cured by long periods of antibiotic treatment, until spores are cleared from the lungs. The Centers for Disease Control and Prevention recommendation for antibiotic treatment of inhalation anthrax is for at least for 60 days. This was based on the observation that in the accidental exposure in Sverdlovsk, Russia, patients developed a fatal disease up to 43 days after exposure. However, as long periods of antibiotic treatment are difficult to manage and patients may respond adversely to the antibiotics, it was suggested previously (15, 20, 28) . These results indicated that immunization during antibiotic treatment resulted in less than twofold reductions in antibody titers; however, since the assays were performed separately, the results might be in the range of a statistical error.
The U.S. Department of Health and Human Services statement (www.hhs.gov/news) dated 18 December 2001 provided two additional options beyond the 60-day antibiotic course for those who were exposed to inhalational anthrax in the recent mail attacks in the United States: (i) an extended course of antibiotics for an additional 40 days and (ii) an additional 40 days of antibiotic treatment plus anthrax vaccine that will be given in three doses over a 4-week period, as an investigational postexposure treatment with anthrax vaccine (which is currently under an investigational new drug application).
The findings reported here are in accordance with previous reports showing that tetracycline and ciprofloxacin treatment is very efficient during antibiotic administration (15, 25) if given early enough but may allow the flair-up of the disease upon cessation of administrations. The combined treatment of antibiotic and a PA-based vaccine is a reliable postexposure prophylaxis for treatment of respiratory anthrax.
